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We present a comprehensive theory and an easy to follow method for the design and construction 
of a wideband homodyne detector for time-domain quantum measurements. We show how one can 
evaluate the performance of a detector in a specific time-domain experiment based on electronic 
spectral characteristic of that detector. We then present and characterize a high-performance detec- 
tor constructed using inexpensive, commercially available components such as low-noise high-speed 
operational amplifiers and high-bandwidth photodiodes. Our detector shows linear behavior up to 
a level of over 13 dB clearance between shot noise and electronic noise, in the range from DC to 
100 MHz. The detector can be used for measuring quantum optical field quadratures both in the 
continuous-wave and pulsed regimes with pulse repetition rates up to about 250 MHz. 



I. INTRODUCTION 

The balanced homodyne detector (HD) is a useful tool 
in quantum optics and quantum information processing 
with continuous variables [l|, Q since it can be used to 
measure field quadratures of an electromagnetic mode. 
These measurements provide information for complete 
reconstruction of quantum states in the optical domain 
(optical homodyne tomography). 

With developing tools of continuous-wave quantum- 
optical state engineering Q as well as state and process 
tomography Q , the performance requirements for homo- 
dyne detectors continue to increase. The design of HDs 
for time-domain quantum tomography 0-01 is based on 
four main performance criteria: a) high bandwidth and a 
flat amplification profile within that bandwidth; b) high 
ratio of the measured quantum noise over the electronic 
noise; c) high common mode rejection ratio (CMRR); d) 
quantum efficiency of the photodiodes. 

The high bandwidth requirement comes from the fact 
that an HD must be able to measure field quadratures 
with sufficient time resolution. In the case of pulsed 
lasers, this corresponds to the inverse of the repetition 
rate of the pulses; in the case of a continuous signal, the 
required resolution is determined by the duration of the 
optical mode in which the signal states are produced 0- 
[lO|. This is technically challenging because most ampli- 
fiers have a limited gain-bandwidth product. Increasing 
the bandwidth implies reducing the gain, which, in turn, 
increases the effect of the electronic noise. Also the high 
frequency circuit layout poses a challenge to designers. 

Within its bandwidth range, the HD must feature a flat 
amplification profile. If this is not the case, the response 
of the HD to each individual pulse will exhibit ringing, 
which degrade the detector's time resolution and distort 
the measurement. This requirement also presents a ma- 



jor design challenge. 

Any non-desirable ambient noises, dark current noises 
from the photodiodes and the intrinsic noise of the am- 
plifiers fall under the umbrella of electronic noise. The 
effect of this noise is to add a random quantity to the 
measurement of the field quadrature Qmcas- This effect 
is equivalent to an additional optical loss channel with 
transmission 11 ll 



71^ = 1- {Ql)/{Ql,J 



(1) 



As we show below, the value of depends not only on the 
characteristics of the detector, but also on the conditions 
of the measurement in which the detector is used. 

A HD must have a high subtraction capability be- 
tween the two photocurrents produced by the photodi- 
odes. This can be expressed as a generalized common 
mode rejection ratio (CMRR) of the balanced detection 
[1, • The CMRR measures the ability of the device 
to reject the classical noise of the local oscillator [sl. [l3|. 
This is particularly important in the pulsed case because 
a low CMRR (which implies a poor subtraction) will re- 
sult in contamination of the signal with the repetition 
rate of the pulse and harmonics. Additionally, this lack 
of subtraction capability will make the HD more sus- 
ceptible to saturation by the amplified signal from the 
photodiodes. High CMRR is difficult to achieve because 
the response functions of the photodiodes are not exactly 
the same. Therefore a pair of photodiodes with response 
functions as similar as possible must be chosen. 

Experimentally, these performance benchmarks can be 
measured using an electronic spectrum analyzer. The 
spectrum of the homodyne output photocurrent gives in- 
formation about the detector's bandwidth and amplifi- 
cation profile. Observing the output current in the ab- 
sence of the local oscillator provides information about 
the magnitude and spectrum of the electronic noise. The 
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lower bound on CMRR is determined by comparing the 
HD spectra when both photodiodes are illuminated and 
when only one is illuminated while the other is blocked. 

In the present work, we quantitatively relate the mea- 
sured electronic spectra to added noise in quadrature 
measurements. We show that the limited bandwidth and 
electronic noise can be translated into equivalent optical 
losses such as in Eq. ([T]) . We show how to estimate and re- 
duce these losses for a specific time-domain experiment. 
In fact, in many cases (particularly, in the continuous- 
wave regime) electronic spectral measurements on the 
HD photocurrcnt in the presence and absence of the local 
oscillator are sufficient to precisely calculate the equiva- 
lent loss associated with the electronics. 

The theoretical discussion in this paper is limited to 
the effects of the bandwidth and the electronic noise in 
two practically relevant regimes. The effect of the non- 
unitary quantum efficiency on quantum state reconstruc- 
tion is well known A discussion of CMRR has been 
presented in detail in Ref. (l^ . 

We then demonstrate an easy to follow method for 
the design and construction of a wideband homodyne 
detector using commercial available components such 
as low-noise high-speed operational amplifiers and high- 
bandwidth photodiodes. Aside from high performance 
benchmarks, a special feature of our detector is its ver- 
satility: it is designed and tested to operate in both the 
continuous-wave or pulsed regimes. Therefore the unit 
presented here may be useful for a wide range of quan- 
tum optics experiments. 



II. THEORETICAL ANALYSIS 

Balanced homodyne detection consists of overlapping 
the signal mode carrying the quantum state in question 
and a strong reference field in a matching mode (the lo- 
cal oscillator, or LO) on a symmetric beam splitter. The 
two output signals of this beam splitter are directed to 
the two photodiodes of the HD, where these fields are 
detected and subtracted. Neglecting experimental im- 
perfections, the subtraction photocurrcnt is then 



plex. It can be approximated by 



i{t) = Aait)qeit), 



(2) 



where qg (t) is the instantaneous field quadrature value in 
the signal mode, a{t) and 6 arc the local oscillator ampli- 
tude and phase, respectively, and A is a proportionality 
coefficient related to the HD amplifier gain. It is assumed 
that the local oscillator phase is constant. 

The instantaneous quadrature observable can be writ- 
ten as 



,(t) =a(t)e*''+at(t)e-''« 



(3) 



where a(t) is the time dependent photon annihilation 
operator 14 1. 

In a practical HD, the relationship between the quadra- 
ture measurement and the output current is more com- 
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i{t)=ieit)+A / a{t')q{t')r{t-t')dt', (4) 



where ieit) is the detector's electronic noise and r(-) is its 
response function. An ideal detector would have ie{t) = 
and rlr) = S(t). In practice these conditions are not met. 

As evident from Eq. (|4]), the impact of the electronic 
noise is minimized by raising the power of the local os- 
cillator and the amplifier gain. However, practical possi- 
bilities of increasing the gain without proportionally in- 
creasing the electronic noise are limited. The local oscil- 
lator power must also be restricted to avoid saturation of 
the photodiodes and eliminating the classical noise [isj . 
Therefore in the analysis below we assume A and a to 
equal their optimal values for the given experimental set- 
ting. 



A. Continuous regime 

In the continuous regime, the amplitude of the local 
oscillator is a constant: a{t) = a. We are interested in 
measuring the quadrature of the signal field associated 
with a particular (normalized) temporal mode function 
4>{t), which we assume real: 



-t-oo 



Q= / qm{t)dt 



(5) 



To that end, we integrate the homodyne photocurrcnt 
with a certain weight function iplt), obtaining a measured 
quadrature value. 
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i{t)%j}{t)At 



(6) 
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= ^(^ J J q{t')'ip{t)r{t - t')dtdt' + Qe 

~oo — oo 

in which the last term, 
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Qe 



(7) 



corresponds to the electronic noise contribution, which 
we will discuss later. First, we discuss the effect of finite 
detector response function (bandwidth) on the quadra- 
ture measurement. 

Equation ([6]) can be rewritten as 



Aa / qit')4''it')dt' + Qe, 



(8) 
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where 
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= / i^it)r{t - t')dt. 



(9) 



By comparing Eqs. ([S]) and ([5]) wc find that, by choosing 
ip{t) such that = (j){t), we have Qmcas = AaQ + Qe, 
i.e., the distortions associated with the detector's finite 
bandwidth are completely eliminated. This may however 
be difficult in practice, because the required weight func- 
tion is a deconvolution of the temporal mode of interest 
and the detector's response. Lack of precise knowledge 
of either of the above may lead to significant errors in 
deconvolving. 

If ^'{t) ^ 4>it), the detection efficiency is degraded by 
the mode matching factor [l^ 



Vb 
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wm^dt, (10) 



where the denominator normalizes ^'{t). A practically 
important particular case is when the temporal mode of 
the signal is known and the finite bandwidth of the de- 
tector is neglected, so '4'{t) is set to equal In Fig. [U 
the efficiency obtained in this setting is plotted for 
Gaussian 4>{t) and r{t) as a function of the detector band- 
width, which, as we show below, is obtained from the 
Fourier transform of the response function. As we see, 
the detector bandwidth has no significant degrading ef- 
fect on the measurement (jyf, > 0.99) as long as it is com- 
parable to or larger than the inverse temporal width of 
the signal temporal mode. 




0.2 0.4 0.6 0.8 

Bandwidth (in units of inverse FWHIVI 
of tlie signal temporal mode) 



1.0 



FIG. 1. Effective efficiency (fTOjl of the HD associated with 
its finite bandwidth. The 3-dB bandwidth is plotted along 
the horizontal axis in units of the inverse fuU-width-at-half- 
maximum of the signal temporal mode Both functions 

are assumed Gaussian. 



Let us now calculate the contribution of the electronic 
noise to the measured quadrature, so the equivalent ef- 
ficiency (m can be estimated. We start with the elec- 
tronic spectra of the HD output photocurrent in the ab- 
sence and in the presence of the local oscillator, with the 



signal in the vacuum state. According to the Wiener- 
Khintchine theorem, these spectra are given, respectively, 
by 
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Se{^)^ / (ie(i)ie(i + r))e2^"'Mr (11) 



and 
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S{v) = / (z(t)i(i + r))e'"''Mr, 



(12) 



where v is the frequency and the averaging is performed 
over both time t and the quantum ensemble of the vac- 
uum signal state. The autocorrelation function in the 
latter equation can be further simplified as 



{i{t)z{t + T)) 



(13) 




q{t')r{t - t')q{t")r{t + r - t")dt'dt" 



— 00—00 



+ (iS)ie{t + t)) 

+ 00 

A^a^ I {r{t~t')r{t + T -t'))dt' + (ie{t)ie{t + T)) 



— 00 
+ 00 



A^a^ / r{t)r{t + T)(it + {ie{t)ie{t + t)) 



because, in the vacuum state, {q{t')q{t")) = 5{t' — t"). 
From the above, we find 



S{v) = A'a'\f{iy)\' + Se{v) 



with 



-f-00 



(14) 



(15) 



being the Fourier image of r{t). In other words, neglect- 
ing the electronic noise, the spectrum of the HD output 
current in the continuous regime is simply the squared 
amplitude of the Fourier transform of the detector's re- 
sponse function. Note, however, that the response func- 
tion cannot be obtained from this spectrum because in- 
verse Fourier transformation also requires data on the 
phase of r(v). The response function can be measured 
directly in the time domain with a pulsed LO as discussed 
below. 

Let us now discuss the contribution of electronic noise 
to quadrature measurements. From Eq. ([5]), and because 
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in the vacuum state {q{t)q{t')) = 5{t — t'), we can write 



(16) 



{QLJ=A'a^ J \4''{t)\Mt+{Ql) 

— oo 
+00 



a2 2 



|^(z.)nr»|^d^ + (Q^), 



where the variance of the electronic noise component is 
given by 



{ie{t)ie{t + T))-ip{t)il}{t + r)dM7 



— 00 —00 



Se{i^)\^Piiy)\^di^. (17) 
Combining the above two resuhs with Eq. (|14p . we find 
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(Qmeas) 



S{v)\'4>{iy)fdv. 



(18) 



Equations (fT7| and (fTSl) lead us to an important con- 
clusion: by knowing the homodyne output spectra S{i') 
and Se{v), as well as the weight function one 
can predict the fraction of the electronic noise in the 
measured quadrature variance in an arbitrary temporal 
mode. This, as discussed above, directly translates into 
an equivalent optical loss. 

In the case of a high-bandwidth detector, when S{i') 
and Se{v) can be assumed constant over the support of 
'>p{v), we have 



(19) 



signal bandwidth 



This quantity, which we call clearance of the detector's 
shot noise over the electronic noise, is one of the primary 
characteristics of any HD circuit. 



B. Pulsed regime 

Now let us suppose that the LO is pulsed, with the 
pulse width much shorter than the time resolution of the 
electronics. In this case, Eq. takes the form 



i{t) = AapQr{t) +ie{t), 



(20) 

0, g = 



where the pulse is assumed to occur at t 

+00 

J a{t)q{t)dt/ap is the normalized quadrature operator 



corresponding to the signal mode defined by the shape 
of the LO pulse, with ap 



j+00 

J \a{t)\^dt being the ef- 



fective amplitude of the local oscillator pulse. In other 
words, neglecting the electronic noise, the shape of the 
HD response to a single short pulse is given by the de- 
tector's response function. 

The quadrature measurement is obtained by integrat- 
ing the homodyne photocurrent over a certain time in- 
terval: 



Qn 



i(t)dt AupQ / r{t)dt + Qe, 



(21) 



with 



S)dt. 



The optimal choice of the integration limits is determined 
by the bandwidths of the detector's electronic noise and 
the temporal width of its response function. 

When the local oscillator is a train of pulses with rep- 
etition period T, the HD output current is given by 



i{t)^Aap J2 QAi-jT) + ie{t), 



(22) 



] = -co 



where Qj is the quadrature operator of the jtli pulsed sig- 
nal mode, with the pulse of interest having index j = 0. 
If the response function is nonzero over an interval longer 
than T, the quadrature measurement is contaminated by 
that of the neighboring pulses: 



Q 



mcas,0 



E 



RjQj + Qe 



(23) 



t2 



where Rj = Jr{t- jT)dt. The sum in Eq. dM]) defines a 
ti 

new measured mode whose state is not necessarily identi- 
cal to that in the j = 0th pulsed mode. The correspond- 
ing mode matching efficiency (neglecting the electronic 
noise) is given by 
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Rq 



E R^ 



(24) 



This efficiency is plotted in Fig. [2] for the response func- 
tion of Gaussian shape as a function of the 3-dB band- 
width of the detector response function spectrum. As we 
see, a detector bandwidth of at least 0.4/T is required 
for rjb to exceed 99%. 

If r{t) is known, so are all Rj and the effect of finite 
bandwidth can be reversed by means of discrete dccon- 
volution, akin to the continuous case. However, partial 
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hence we can write 



T/2 



(28) 



J2 (^J^fc) / rit - jT)rit + T - kT)dt 



j,k— — oo 



-T/2 



+ (ie{t)ie{t + T))t. 



FIG. 2. EfTective efficiency of the HD associated witii tempo- 
ral overlap of responses to different pulsed modes, as a func- 
tion of the 3-dB bandwidth of the electronics. The response 
function is assumed Gaussian. The solid line corresponds to 
a short integration interval [— e, -|-e]; the dashed line to the 
integration interval of length T. Both integration intervals 
are centered at the peak of the response function. 



reversal can be implemented even if the response func- 
tion is not known, provided that 77b is sufficiently high, 
i.e. \Rj\ <C |i?o| for j ^ 0, as follows. In a typical de- 
tector, Rj are negligibly small for j > 0: most of the 
ringings occur after the optical pulse that generates the 
response. This is the situation, for example, with the 
detector assembled in this work. Then we have, according 



to Eq. 

state, 



and because {QjQk) 



in the vacuum 



(25) 

where Qmcas.i denotes the quadrature measurement for 
the ith pulse. The above correlation can be easily ob- 
tained experimentally, from which one can determine 



R^ 
Ro 

One then calculates 



{Q mcas, 

mcas. oQ mcas, 0} 



(26) 



In the vacuum state, 



+00 



{iit)i{t+T)) = -{Aap)^ I rit)r{t+T)dt+{i,{t)ie{t+T))t. 



Accordingly, 



S{iy)^-iAapr\ri,.)\' + S,{,y) 



(29) 



(30) 



We see that in spite of the pulsed character of the local 
oscillator, the HD spectrum is determined by the Fourier 
transform of its response function akin to the continuous 
case. An important difference is the multiplication by 
the pulse repetition rate: when the separation between 
the pulses is increased, the spectral power reduces pro- 
portionally. 

In contrast to the continuous regime, in the pulsed 
case the evaluation of the equivalent efficiency ([T]) re- 
quires knowledge of r{t); information on the spectra S^v) 
and Se{y) is not sufficient. Let us, however, consider 
a practically important particular case when the band- 
width of both the detector's response and the electronic 
noise greatly exceed the laser repetition rate. Suppose 
the integration in Eq. (j21[) is done over the time interval 
[-ro/2,ro/2] with To < T. Then we have 



meas.O 



E(Qincas.oQmcas,i) ^ 
i=l W 



(27) 



mcas, 0^: mcas, 0/ 



for each experimentally measured quadrature, thereby 
eliminating contamination from neighboring pulses. The 
resulting quadrature values are then renormalized and 
used in quantum state reconstruction. By means of 
this technique, the reconstruction efficiency has been im- 
proved in Ref. [T6| . 

We now use Eq. ([T2|) to determine the spectral power 
of the HD output in the pulsed regime. The ensemble 
average of i(t)i{t + t) is a periodic function of time t, 



\ mcas/ 



/ To/2 

AapQ J r{t)dt\ ) + {Ql). (31) 

V -To/2 



We assume that the temporal width of the function r{t) 
is much less than Tq, so the integration limits can be 
replaced by ±00. We then have 



(Ql 



{AapYimr + iQi), 



(32) 
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where 

, / To/2 

Qe = l\ J imt] \ (33) 

\-To/2 J 
I To/2 To/2 . 

'-To/2 -To/2 ' 
To/2 To/2-ti 

{ie{tl)ie{tl + T))dTdti 

-To/2 -To/2-ti 
To/2 +00 

J {ieitl)ieitl + T))dTdti 
-To/2 -00 
= ToSe{0). 

Here we again took advantage of the high bandwidth of 
the electronic noise to modify the integration limits. We 
also used the fact that the electronic noise ie{t) is a sta- 
tionary stochastic process to eliminate the dependence 
on ti. Substituting Eqs. (|3ni)~(ISSl) into Eq. (P, we find 



= 1 - 



To SejO) 



(34) 



In other words, the shot-to-electronic-noise clearance 
measured in the pulsed regime yields a too conservative 
estimate for the equivalent loss associated with the elec- 
tronic noise in the high-bandwidth limit. In order to 
minimize this loss, one needs to choose the integration 
interval that is as short as possible, but still accommo- 
dates the entire detector response function. However, if 
the detector bandwidth does not greatly exceed the laser 
repetition rate, we have Tq ~ T and the factor of Tq/T 
in the above equation can be neglected. The exact value 
for the equivalent loss in this case cannot be determined 
from the spectra because it depends on the shape of the 
detector's response function r{t). 



III. DESIGN AND CHALLENGES 

Now wc present an efficient wideband HD constructed 
with easily available components, as well as tips to solve 
the most common challenges found when building such 
a device. We show the results given by our HD in ex- 
periments with a pulsed laser source (76 MHz repetition 
rate) as well as with a continuous wave laser. These fea- 
tures give our HD a great versatility for applications in 
different kinds of experiments. 

Our electronic cicruit is shown in Fig. |3l The values 
and identification names are as noted on the schematic. 
Provision has been made for a second stage of voltage 
gain which, however, proved to be unnecessary. 

We use a homemade ±15 V DC power supply. To avoid 
possible leakage of any ambient noise to the HD through 



the voltage supply lines, each of them is filtered for both 
high and low frequencies (components LI, L2, C13, C14, 
C15, C16 that include a ferrite choke, a 100 /uf electrolytic 
and a 0.1 /if ceramic capacitors). The use of long power 
supply lines in the circuit can create parasitic inductances 
making the circuit susceptible to instabilities. Because it 
is not possible to make all the tracks short, we perform 
the filtering in two stages, at the beginning and the end 
of each power supply track. 

The filtered ±15 Volt supply rails are each further sep- 
arated into 3 isolated lines by incorporating 3 networks 
consisting of a fast Schottky diode (for improving the 
stability of the power supplies), a tantalum 6.8 fj,i capac- 
itor and a 0.1 fif ceramic capacitor (components C1-C12 
and D3-D8). These isolated supplies in turn feed ±12 
V regulators for the photodiodes (IC3 and ICS) and two 
pairs of ±5 V regulators for the first and second stage op- 
erational amplifiers (IC2, IC5, IC4 and IC7). Care has 
been taken to isolate and regulate the supply voltage for 
the detectors and amplifiers in order to provide as stable 
and oscillation free platform as possible. Bypass 0.1 fj,f 
capacitors are located at the regulator outputs very close 
to the amplifiers (C18-C23). 

One of the primary challenges in achieving a high- 
bandwidth HD is associated with the photodiodes. Their 
P-N junction has a terminal capacitance which has to 
be significant for high quantum efficiency of detection. 
The feedback resistance of the amplifier will form a low 
pass filter with the terminal capacitance, thus limiting 
the high-frequency response of the circuit. Furthermore, 
this capacitance combined with other capacitances and 
inductances in the circuit board can give rise to insta- 
bilities and oscillations associated with a low pass filter 
configuration. 

The terminal capacitance of the photodiodes can be 
reduced by increasing the reverse bias voltage across 
them. This, however, increases the dark current that con- 
tributes to the electronic noise 0. Consequently, special 
care must be taken for choosing photodiodes with very 
low capacitance and dark current, as well as for a printed 
circuit board (PCB) design that avoids or compensates 
any capacitance that could produce oscillations (instabil- 
ities) in the frequency response of the HD. 

Wc have chosen to use Hamamatsu S5972 photodiodes. 
This photodiode has a 91% quantum efficiency at a wave- 
length of 780 nm and a high cut-off frequency (500 MHz) 
when supplied in a 12 V reverse voltage configuration. 
Other reasons for this choice include a very low dark cur- 
rent (11 pA at 12V reverse voltage) and a low terminal 
capacitance (2.8 pf at 12V reverse voltage). 

The amplification circuit starts at the junction of the 
two S5972 photodiodes, which is the differential sum 
point for the input to the first stage amplifier. The 
amplification of the difference signal is carried out by a 
single Texas Instruments OPA847 operational amplifier 
(op-amp) in trans-impedance configuration with a trans- 
impedance gain of 4 kil (ICl). For testing purposes we 
place a jumper (Jl) in the inverting input of the op-amp. 
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FIG. 3. HD Circuit diagram 



In order to have eontrol of the DC offset of output signal 
produced by the the op-amp we place in its non-inverting 
input a capacitor of 0.1 ^f in parallel with a variable re- 
sistor of 10 kil both connected to ground (C17 and R4). 
With the help of the variable resistor we can maintain the 
DC offset at the zero reference point to avoid saturation 
in the op-amp. The optional second stage is designed to 
use an OPA847 in inverting amplifier configuration. J2 
and J3 are the positions of its input and feedback resis- 
tances. 

An important component of the circuit is a custom 
made variable capacitor (C24) placed in parallel to the 
feedback resistance R2. This capacitor is constructed by 
twisting two wires with a variable number of twists. By 
twisting (or untwisting) these wires we can vary their 
capacitance; although it is very small, it is enough to 
change the response of the circuit. In our case it is used 
to flatten the spectral response of the HD. 

Finally, resistors R3, R5 and R6 are used for 
impedance matching of the output signal of the amplifier 
with a 50^1 coaxial connector. 

All components are soldered on a specially designed 
printed circuit board (Fig. HJ. When designing the lay- 
out for the circuit we take the following factors into con- 
sideration. 

• The tracks on the PCB are kept as short as possible 
to avoid parasitic inductances. 

• A ground (GND) plane, essential for high frequency 



circuits, and a double-sided board design are used. 
The back side of the PCB is mainly reserved for 
the GND plane, with the fewest possible disconti- 
nuities. This separation between tracks and compo- 
nents in one side and GND on the other minimize 
possible capacitances between the tracks and the 
ground plane of the circuit. 

• The use of surface mount components is preferred 
for the high frequency regime of electronics. 

• In order to provide a mechanically stable platform 
for the HD, the circuit module is mounted on a 
0.25-inch aluminum plate. 

• To ensure a maximally balanced response, we de- 
signed our circuit to be as symmetrical as possible. 

• The HD is shielded by a custom-made metal box 
to avoid any environmental noise impact on the cir- 
cuit. 

• To minimize the parasitic capacitance the two pho- 
todiodes were placed closely together in the upper 
left corner of the board. 

• Due to its relatively large size, the offset adjustment 
potentiometer (R4) for the first stage is placed at 
the bottom of the printed circuit board to avoid the 
issue of having long tracks on the upper side. 
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FIG. 5. Balanced HD experimental set-up 



IV. PERFORMANCE AND 
CHARACTERIZATION 

A. Pulsed regime 

After having built the HD we proceed to test its per- 
formance. To that end, we place it in the experimental 
set-up shown in Fig.[5l Our LO is obtained from a mode- 
locked Coherent MIRA 900 Ti:Sapphire laser producing 
1.8 ps pulses with a repetition rate of 76 MHz, central 
wavelength of 791 nm. The HD beam splitter configu- 
ration is implemented by using a half wave plate and a 
polarizing beam splitter. The two beams coming out of 
the beam splitter are focused into the photodiodes. 

The HD is balanced by first adjusting the waveplate 
in order to equalize the responses of the photodiodes, 
compensating for a possible difference in their quantum 



efficiencies, thereby minimizing the spurious signal at the 
local oscillator repetition rate. A further crucial step in 
balancing the HD is to equalize the path lengths of the 
two beams entering the photodiodes by using a XY trans- 
lation stage on which the HD is mounted. This is nec- 
essary because the pulses, if arriving at the photodiodes 
at different times, can lead to subtraction pulse having a 
bipolar shape. Even after these alignment steps, the sub- 
traction may not be perfect due to different capacitances 
of the two photodiodes. 

Subsequently, the HD is tested for electronic instabili- 
ties and oscillations. This is done by observing the out- 
put signal of the HD (with the LO power of 6 mW) with 
a spectrum analyzer in a range from 100 kHz up to 3 
GHz. If present, instabilities produce peaks in the spec- 
tral response at frequencies different from the repetition 
rate of the LO and its harmonics. They can be removed 
by adjusting the values of resistances R2, R3, R5 and 
R6 as well as the custom made variable capacitor C24. 
Additional instability sources can be associated with the 
ambient noise or leakage through the power supply lines; 
in this case, the elements of the power supply filtering 
sections must be changed. 

In the final step of adjustments we flatten the spectral 
response of the HD. This is done by changing the value 
of the capacitance C24 while observing the spectrum of 
the HD output. Fig. [5] (dashed and dotted lines) shows 
the effect of this adjustment in the spectral profile of the 
HD. 

In order to characterize the detector, we first measure 
the shot noise clearance. To this end, we increase the 
LO power to 12 mW. The choice of this power level is 
determined by the need to achieve the highest shot-to- 
electronic noise clearance, while at the same time en- 
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FIG. 6. Spectral response of the HD at 12 mW of LO power. 
The large peaks are the laser repetition rate and its second 
harmonic. Inset: The response at 100 /iW of LO power, 
necessary to calculate the CMRR. Grey (top) trace: one pho- 
todiode blocked; Black (bottom) trace: both photodiodes il- 
luminated 




5 10 15 20 

LO Power (mW) 

FIG. 7. Response of the HD respect to the LO power for 
different fixed frequencies. The linear fits are also shown. 
Red dash line (plus): 80MHz; Green dot line (diamond): 
60MHz; Black continous line (circle): 40MHz; Blue dot dash 
line (cross): lOOMHz. 



suring stable and saturation- free operation of the HD. 
With the given wavelength and repetition rate, this LO 
power corresponds to 6.2 x 10^ photons per pulse, and will 
produce 5.6 x 10* photoelcctrons per pulse, which corre- 
sponds to a shot noise of 24, 000 electrons per pulse. In 
Fig. |6] (dotted vs. dash-dotted lines) we show the clear- 
ance between electronic noise and shot noise, which has 
a value of 13dB, correponding to = 0.95. The 3-dB 
bandwidth of the HD is 80 MHz, which implies that it can 
be applied, without significant efficiency loss, to pulsed 
lasers with repetition rates up to 250 MHz (Fig. [2|). 

We verify that the power of the observed HD output 
signal grows linearly with the LO power, which is the 
signature of the shot noise [l|, [l^ . In Fig. [7] we show 
measurements of the shot noise level for five different 
frequencies depending on the LO power. For frequencies 
up to 100 MHz, the HD behaves linearly, although the 
slope is reduced for higher frequencies. 

In order to determine the CMRR value, we measure 
the spectral response of the HD at the repetition fre- 
quency of the LO at a power of 100 /xW in two cases: 
when both photodiodes are illuminated, and when only 
one photodiode is illuminated (inset of Fig.[6|). The mea- 
surement is performed with a low LO power to avoid 
saturation of the HD in the absence of subtraction. We 
find that our HD has a CMRR of 52.4 dB, which corre- 
sponds to a reduction by a factor of 2.4 x 10^'^ in the 
photocurrent corresponding to the common mode, yield- 
ing 6.7 X 10^ residual photoelcctrons per pulse due to 
imperfect subtraction jl2l |. which is much greater than 
the average number of photoelcctrons per pulse due to 
the shot noise. This is the reason why, even with the 
optimized alignment, the pulsed HD spectrum exhibits a 
peak at the pulse repetition rate. 



Theoretically, this residual periodic signal leads to a 
constant displacement in the quadrature measurement, 
which is easy to average out. In practice, however, the 
signal tends to spontaneously change its magnitude ev- 
ery few seconds. Furthermore, the presence of that signal 
complicates computer acquisition of the HD output be- 
cause of the limited digitizer resolution. Therefore we 
use two notch filters (MFC 6367) to eliminate the output 
components at 76 and 152 MHz. 

The HD output signal is further processed by a 100 
kHz high pass filter to remove the DC offset. To clean 
the signal and to avoid any noise at higher frequencies, 
two low pass filters with a 100 MHz cut-off arc used. The 
resulting HD spectrum is shown in Fig. |6] (solid line). 

B. Continuous regime 

In order to check the versatility of our scheme, we an- 
alyze the performance of another HD, constructed simi- 
larly to the first one, in the continuous wave regime by 
using a TekhnoScan TiiSapphire laser with a center wave- 
length of 795 nm and a bandwidth of 5 kHz. We use the 
same experimental set-up as in Fig. [H We analyze the 
response of the HD in the time domain by acquiring 30 
traces of 100-/xs duration, each containing 2 x 10^ points 
(sampling frequency of 2GHz). Thereafter, we compute 
the autocorrelation function for each trace, and then av- 
erage it over the 30 traces [Fig. IDJa)] . 

We then acquire the HD output spectrum, both in the 
presence and absence of LO, using a spectrum analyzer. 
As evidenced by Fig.|51[b), the shot noise spectrum is sim- 
ilar, up to a constant factor, to that obtained by Fourier 
transform to the autocorrelation function in agreement 
with the Wiener-Khintchine theorem. We find this de- 
tector to exhibit a 3-dB bandwidth of 100 MHz and the 
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FIG. 8. characterization of the HD in the continuous regime, 
a) Autocorrelation function, b) Electronic spectrum of the 
shot noise obtained with a spectrum analyzer (blue trace — 
top); the black (bottom) trace is the electronic noise, and by 
Fourier transform of the autocorrelation function (red trace 
— middle). The vertical position on the logarithmic scale of 
the red trace with respect to the spectrum analyzer traces is 
chosen arbitrarily, c) Effective efficiency ([T]) associated with 
the electronic noise as a function of the signal wavefunction 
bandwidth (in units of the inverse FWHM of its temporal 
mode). 



shot-to-clectronic noise clearance ranging between 10 and 



18 dB. 

In Fig. mjc) we plot the effective loss dD) associated 
with the electronic noise under the assumption that the 
detector is used to measure field quadratures in a Gaus- 
sian temporal mode. The loss is calculated accord- 
ing to Eqs. ([T7)). and ([T5| given the measured spectra 
[Fig. [5Jb)]. We find that the effective loss strongly varies 
dependent on the shape and width of the temporal mode. 

Tabic [J shows the features of our device in comparison 
with other HDs reported in the literature. As we see, 
our detector compares favorably with its counterparts: 
it shows a unique combination of the bandwidth, CMRR 
and the electronic noise clearance. 



TABLE I. Comparison between various HD's. 



Characteristics 


Ours 


M 


[12] 


m 


[9] 


\m 


[18] 


Wavelength (nm) 


791 


790 


1550 


786 


860 


1064 




3 dB bandwidth (MHz) 


100 


1 


100 


~50 


100 


250 


54 


CMRR (dB) 


52.4 


85 


46 


42 




45 


61.8 


Clearance (dB) 


13 


14 


13 


~5 


10 


~7.5 


12 



V. SUMMARY 



We presented a comprehensive theory and a detailed 
recipe for designing, building and troubleshooting a wide- 
band balanced detector for highly accurate time-domain 
quantum measurements. We showed that by following 
these recommendations a homodyne detector with a shot- 
noise clearance of 13 dB at 12 mW of local oscillator 
power, a CMRR value of 52.4dB, a flat response up to 
100 MHz can be constructed in an easy way and by only 
using a single trans-impedance amplification stage. We 
also have shown that this HD can be applied to both 
pulsed and CW configurations. 

We thank Frank Vewinger, Nitin Jain and Ryan 
Thomas for helpful discussions. This work has been sup- 
ported by NSERC, CIFAR, Quantum W^orfa and ARC 
(Grant DP1094650). 
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